Abstract A variety of tumor cells preferentially home to the bone. The homing of cancer cells to the bone represents a multi-step process that involves malignant progression of the tumor, invasion of the tumor through the extracellular matrix and the blood vessels and settling of the tumor cells in the bone. Gaining a greater understanding as to the mechanisms used by cancer cells in these processes will facilitate the design of drugs which could specifically target the homing process. In this review we will discuss the properties of tumor cells and the bone microenvironment which promote homing of a cancer cell to the bone. We will highlight the different steps and the molecular pathways involved when a cancer cell metastasize to the bone. Since bone is the major home for hematopoietic stem cells (HSCs), we will also highlight the similarities between the homing of cancer and HSC to the bone. Finally we will conclude with therapeutic and early detection strategies which can prevent homing of a cancer cell to the bone.
Introduction
Cancer is a metastatic disease. Theoretically cancer cells can metastasize towards many organs of the body. Clinically however it has been demonstrated that cancer cells prefer to migrate to certain distant organs of the body such as bone, lung, liver, brain or the adrenal gland. Some cancers such as breast, prostate, lung and thyroid carcinomas have higher tendency to migrate to the bone. The frequency of bone metastasis is about 70% in breast, melanoma, lung and prostate cancer while it is 15-30% in carcinoma of the colon, stomach, bladder, uterus, rectum thyroid or kidney [1] . More than 350,000 people die each year in the United States with bone metastases [2] . The number is probably 2-3 times higher if European Union and Japan are also included. In advanced breast and prostate cancer bone metastases accounts for considerable morbidity. Early detection and treatment of breast and prostate cancer has increased the 5 year survival rate to 98% and 100% respectively [3] . However after metastases the survival rate of breast cancer drops to 26% while that of prostate cancer drops to 33%.
Bone metastases are frequently associated with severe bone pain. The reason for bone pain is still poorly understood [4] but is thought to be a side effect of the osteolytic process. Patients with overt bone metastases present with severe symptoms, including leukoerythroblastic anemia, bone deformity, nerve-compression syndromes such as spinal cord-nerve compression, hypercalcemia and pathological fractures, which considerably reduce the quality of life [5] .
In many patients several years after the resection of the primary tumor, patients develop bone metastases. Tumor progression in these patients has been attributed to the presence of disseminated tumor cells (DTCs) which home to the bone marrow and initially enter a dormant phase to evade apoptosis induced by factors in a foreign microenvironment [6] . These dormant DTCs have been observed clinically to be resistant to chemotherapy, a phenomenon known as minimal residual disease [7] . At some point some dormant DTCs switch to a proliferative phenotype which is highly aggressive in nature. Approximately 70% of 569 men undergoing radical prostatectomy had DTCs detected in their bone marrow. Persistence of DTCs in these patients was an independent predictor of recurrence [7] . Analysis of 4,703 women with primary breast cancer revealed that approximately 30% of the women harbored DTCs in their bone marrow at primary diagnosis in the absence of any signs of overt bone metastasis. An extended 10 year follow up of these women revealed a poorer prognosis as compared to those without DTCs [8] . These observations suggest that homing of DTCs to the marrow is an early event and detection of DTCs is a predictor for unfavorable prognosis. Since blood is a common transport system for tumor cells to travel to distant sites such as bone, detection of circulating tumor cells (CTCs) which are present in the peripheral blood can also be a predictor for bone metastases among tumors which normally home to the bone. CTCs are likely to have a shorter half-life compared with DTCs and therefore provide only a snap-shot of tumor cell dissemination but have been used successfully in breast cancer to predict tumor relapse [9, 10] .
Knowledge about the mechanisms by which a cancer cell migrates towards bone is of great significance as it will facilitate in the design of drugs which could specifically target the homing process. Preventing cancer cells metastases to the bone could really increase the quality of life of cancer patients and decrease cancer related morbidity. In this review we will discuss the properties of tumor cells and the bone microenvironment which promote homing of a cancer cell to the bone. We will highlight the different steps and the molecular pathways involved when a cancer cell metastasize to the bone. Since bone is the major home for hematopoietic stem cells (HSCs), we will also highlight the similarities between the homing of cancer and HSC to the bone. Finally we will conclude with therapeutic and early detection strategies which can prevent homing of a cancer cell to the bone.
Types of Skeletal Metastasis
When a tumor cell grows in the bone it can either cause excess bone formation mediated by osteoblasts or excess bone resorption mediated by osteoclasts. Skeletal metastases are therefore classified as osteoblastic or osteolytic. Osteoblastic lesions are characteristic of prostate cancer while osteolytic lesions are characteristic of breast cancer. In spite of these classifications it is necessary to point out that bone formation and bone resorption events occur during both osteoblastic and osteolytic metastases. During autopsy bone metastasis are often heterogeneous within and between lesions [11] but copy number analysis indicate that they arise from a single precursor cancer cell [12] .
Osteolytic bone metastasis is caused by factors secreted by the tumor which increase the activity of osteoclasts which are bone resorbing cells. Radiographically, osteolytic lesions appear as radiolucent areas, typically located in the skull or in the proximal end of the long bones. Histologically, one can observe tumor cells residing in the bone marrow and surrounded by osteoclasts [13, 14] . Osteolytic lesions may completely destroy the bone cortex allowing the tumor cells to infiltrate and move into the surrounding tissues. Osteoblastic lesions on the other hand are thought to result directly or indirectly from tumor derived factors that increase the activity of the bone forming cells, the osteoblasts. Radiographically, osteoblastic lesions appear as dense areas often located to the axial skeleton, particularly in vertebral bodies and the pelvis. Histologically, tumor cells residing in the bone marrow are surrounded by a high number of osteoblasts that form wide trabeculae of woven bone similar to that observed during primary ossifications [13, 14] .
Homing, a Multistep Process
Homing of the cancer cell to the bone is a multi-step process. As shown in Fig. 1 , cancer cells must at first detach from the primary tumor, invade the surrounding extracellular matrix and cross the endothelium to enter the blood stream. The cancer cells must move across the endothelium, invade more extracellular matrix before migrating and taking up residence in distant organs such as bone. The key events which lead to homing can be categorized as below.
Metastatic Progression of the Primary Tumor
Primary tumors of epithelial origin often have interactions with the basement membrane that are very strong. In order to detach from the basement membrane the tumor cells undergo a process known as epithelial to mesenchymal transition (EMT). The process of EMT allows cancer cells to undergo biochemical changes to assume a mesenchymal phenotype [15] . This results in cancer cells which have enhanced migratory capacity, are highly invasive, have increased resistance to apoptosis and have an ability to degrade the extra cellular matrix (ECM) components. EMT is also an important phenomenon during embryogenesis and tissue regeneration [16] [17] [18] . Studies have shown that cancer cells undergoing EMT loose epithelial markers such as E-cadherin, N-cadherin, membrane bound β-catenin and gain mesenchymal markers such as α-smooth muscle actin (α-SMA) fibroblast-specific protein-1 (FSP1), vimentin and desmin [19] . A number of factors coming from the tumor stroma such as transforming growth factor-β (TGF-β), platelet derived growth factor (PDGF), epidermal growth factor (EGF) and hepatocyte growth factor (HGF) are thought to be important inducers of EMT. The process of EMT is not specific for bone metastasis but is an important event for the development of metastatic tumor cell lines. Very recently studies using immortalized human mammary epithelial cells have shown that the process of EMT increases the percent of cancer stem cells (CSC) within a tumor [20, 21] . CSCs are a rare population of tumor cells which possess self-renewal capacity that allows them to develop into any cells in the tumor. CSCs also have proliferative and invasive capacity which allows them to expand the tumor population and metastasize [22] [23] [24] [25] .
The tumor stroma comprising of basement membrane, immune cells, capillaries and fibroblasts also plays an important role in progression of tumor metastasis [26, 27] . Over expression of TGFβ and/or HGF in mouse fibroblasts induces the initiation of breast cancer within the normal human epithelium [28] . Cancer associated fibroblasts (CAFs) derived stromal cell-derived factor-1 (SDF-1) promote angiogenesis by recruiting bone-marrow-derived endothelial cells into breast canrcinoma cells. CAF secreted SDF-1 also increases the proliferation of MCF-Ras breast cancer cells [29] . In addition to secreting growth factors that directly affect cell motility, activated fibroblasts are a source of extra-cellular matrix (ECM) degrading proteases such as the matrix metalloproteinases (MMPs). MMPs allow cancer cells to cross tissue boundaries and escape the primary tumor site [30, 31] . Recent work has shown that exogenously administered mesenchymal-stem cells (MSCs) can enter the tumor stroma and promote metastasis in human breast carcinoma cells [32] . In another more recent study tissue engineered bone was used to demonstrate that endogenous bone marrow stem cells can migrate to a primary breast tumor and affect its growth and frequency of metastasis [33] .
Apart from the different types of cells surrounding a primary tumor, the tumor microenvironment of solid tumors also contains regions of poor oxygenation and high acidity. Hypoxia stabilizes the hypoxia-inducible factor 1-α (HIF1-α) protein which in turn regulates a number of genes involved in metastatic progression such as vascular endothelial growth factor (VEGF), PDGF, TGF-β, interleukin-8 (IL-8), MMP9 and urokinase-type plasminogen activator receptor (uPAR) [34] .
Degradation of the Local Stroma in Preparation for Metastasis to Bone
In order to leave or extravasate from the primary site of origin and to enter into the bone, cancer cells need to degrade the surrounding ECM. To achieve this, cancer cells secrete a wide variety of matrix degrading enzymes, some of which will be highlighted here.
Matrix metalloproteinases or MMPs are a large family of membrane-bound and secreted zinc dependent proteinases which help degrade the ECM and the hard, mineralized matrix of the bone [35] . They are produced not only by the cancer cells but also by the surrounding fibroblasts. MMPs have been shown to contribute to angiogenesis, invasion, migration, and final colonization of a metastatic site [36] . High levels of MMPs are produced by breast cancer cells and are shown to be associated with poor prognosis of the breast cancer [37, 38] . Studies have shown that MDA-MB-231 breast cancer cell line produces abundant amount of MMP-1 which is necessary for initiation of osteoclastic bone resorption [39] . MMP-2 and MMP-13 were recently identified as two genes highly expressed in bone metastases compared to brain metastases from breast cancer [40] . MMP-9 was shown to be significantly higher in cancerous prostate tissue as compared to normal prostate. PC3 cells expressing MMP-9 can induce pre-osteoclast motility in vitro. Motility is diminished when MMP-9 is silenced by siRNA, thus corroborating a role for MMP-9 in osteoclast recruitment [41] . Bone marrow stromal cells stimulate the invasive capacity of PC3 prostate cancer cells by inducing the expression of several MMPs at the RNA level and MMP-12 at the protein level. MMP-12 increases the invasive capacity of PC3 cells by degradation of type 1 collagen [42] . Interestingly SDF-1 mediated secretion of MMP-2 and MMP-9 by CD34 + progenitor stem cells facilitates in vitro migration of these cells towards SDF-1 [43] .
Cathepsins are a group of cysteine proteinases that are capable of degrading several ECM components including collagen IV, fibronectin and laminin. Cathepsins are mostly lysosomal, although there are secreted and membraneassociated forms. Cathepsins B and L have been implicated in cancer metastasis [44] . Cathepsin B activity is elevated in prostate cancer tissue samples compared to benign hyperplastic prostate tissue (BPH) and normal tissue samples [45] and it has been reported that cathepsin K is expressed in prostate cancer tissue and not in normal prostate [46] .
Urokinase type plaminogen activator or uPA is a serine proteinase that catalyses the conversion of inactive plasminogen to plasmin, a very potent, broad-spectrum protease which can degrade many of the ECM components and activate several latent proteases (such as pro-collagenases) [47] . Overexpression of uPA by rat prostate cancer cells has been shown to induce bone metastases in vivo [48] , and an amino-terminal fragment of uPA has been shown to have mitogenic activity for osteoblasts [49] .
CD26/dipeptidylpeptidase IV (DPPIV) is a membranebound extracellular peptidase that cleaves dipeptides from the N-terminus of polypeptide chains. CD26/DPPIV can cleave the chemokine SDF-1alpha at its position two proline. Interestingly CD26/DPPIV is expressed by both prostate cancer cells and by CD34
+ stem progenitor cells. In prostate cancer it triggers metastasis to the bone marrow while in stem cells it plays a role in homing and mobilization [50] [51] [52] .
Another proteolytic mechanism that may be important for the metastasis of prostate cancer cells involves prostatespecific antigen (PSA), a serine protease that is overproduced by prostate cancer cells and is used as a marker of tumor burden. PSA can cleave parathyroid hormone related peptide (PTHrP) at the amino terminus and could also potentially activate other growth factors such as TGF-β that are produced by prostate carcinomas [53] [54] [55] [56] . Interestingly, over expression of PSA in osteosarcoma cell line Saos-2 results in induction of receptor activator of nuclear factor κ-B ligand (RANKL), runt-related transcription factor 2 (RUNX2) and wingless type (WNT) signaling all of which are important in bone remodeling, thus indirectly suggesting a role of PSA in prostate cancer metastasis [57] .
Chemotaxis towards Bone
There have been a number of studies which demonstrate that chemokines and their receptors play a pivotal role in chemotaxis of cancer cells towards organs such as the bone and the lymph nodes. Chemokines are a group of cytokines which bind to G-protein coupled receptors. Chemokines have been known to be involved in homing of various subsets of hematopoietic cells to the bone but several studies have shown their role in organ specific metastasis. One of the most well studied chemokine is stromal cell-derived factor-1 or SDF-1 or CXCL12. SDF-1 is a homeostatic chemokine which is secreted by the bone marrow stromal cells and by epithelial cells in many organs [58] , bone marrow SDF-1 is principally produced by the osteoblasts in the endosteum region of the bone marrow [59] . SDF-1 signals through CXCR4 which is a seven transmembrane, G protein coupled receptor. CXCR4 has been shown to be expressed by a variety of cell types including hematopoietic, endothelial, stromal and neuronal cells [60] .
Early bone marrow transplantation studies demonstrated that SDF-1 and its receptor CXCR4 were critical for bone marrow engraftment in severe combined immune-deficient (SCID) mice. While treatment with antibodies to CXCR4 prevents engraftment, stem cell factor (SCF) and interleukin-6 (IL-6) increases CXCR4 expression and increases engraftment [61] + cells and homing of CD34 + cells is inhibited by pretreatment with antibodies for CXCR4, integrins such as very late activation antigens (VLA-4 and VLA-5) and lymphocyte function associated antigen-1 (LFA-1). Homing is also prevented by agents such as pertusis toxin (inhibitor of G proteins) and chelerythrine chloride (protein kinase C inhibitor). This indicates that primitive bone marrow cells migrate to the bone in an integrin mediated SDF-1/protein kinase C signaling dependent mechanism [62] . Engraftment studies on NOD/SCID also shows that SDF1/CXCR4 activates several integrins such as VLA-4, VLA-5; and to a lesser degree, LFA-1 on CD34+ progenitor cells which enhances the process of engraftment [63, 64] . Incorporation and colocalization of CXCR4 and Rac-1 into lipid rafts could enhance the chemotaxis of hematopoietic stem progenitor cells (HSPC) towards the bone [65] .
The SDF-1/CXCR4 pathway has also been shown to play a significant role in metastases of prostate cancer to the bone. Several prostate cancer cells lines PC3, DU145, C42B and LNCAP express high levels of CXCR4 [66] . Prostate cancer cells were observed migrating across bone marrow endothelial cell monolayers in response to SDF-1. Pretreatment of the prostate cancer cells with SDF-1 significantly increases their adhesion to osteosarcomas and endothelial cell lines in a dose-dependent manner. Invasion of the prostate cancer cell lines through basement membranes is supported by SDF-1 and inhibited by antibody to CXCR4 [66] . To confirm the role of SDF-1/CXCR4 axis in skeletal metastasis SDF-1 levels have been established in various mouse tissues by ELISA, immunohistochemistry, and in situ hybridization. Tissues harboring metastatic prostate cancer lesions express higher levels of SDF-1. SDF-1 levels are highest in the pelvis, tibia, femur, liver, and adrenal/ kidneys compared with the lungs, tongue, and eye. Antibody to CXCR4 significantly reduces skeletal metastases [67] . High-density tissue microarrays constructed from clinical samples obtained from a cohort of over 600 patients demonstrates that CXCR4 protein expression is significantly elevated in localized and metastatic cancers [68] . It has also been demonstrated that metastatic human prostate cell lines DU145, LNCAP and PC3 express functional CXCR4 receptor and that SDF-1 enhances their migratory capabilities [69] . Another receptor for SDF-1 is CXCR7. Studies have shown that CXCR7 level increases as tumor becomes more aggressive. Both in vitro and in vivo experiments have shown that CXCR7 plays a role adhesion and invasiveness in prostate cancer cells [70] . CXCR7 regulates expression of CD44 and cadherin-11 both thought to be involved in invasiveness and IL-8 and VEGF, involved in angiogenesis in prostate cancer cells [70] .
Breast cancer cells, malignant breast tumors and metastases highly express the chemokine receptors CXCR4 and CXCR7. Signaling through these receptors mediate actin polymerization, pseudopodia formation and induce chemotactic and invasive responses. Neutralizing antibodies against CXCR4 and CXCR7 significantly impaires breast cancer metastasis in vivo [71] . SDF-1 is highly secreted by bone and other common sites of breast cancer metastasis [72] . CXCR4 is one of a set of five genes over expressed in highly metastatic breast cancer cells and over expression of CXCR4 in MDA-MB-231 breast cancer cells significantly increases bone metastasis in nude mice [73] . CXCR4 expression by breast cancer cells has been shown to be regulated by VEGF [74] and the hypoxia induced HIF1-α pathway [75] . Increased expression of CXCR4 has been shown to be associated with poor prognosis in breast cancer [76] . Studies in other solid tumors such as rhabdomysarcoma and esophageal cancer have also illustrates that the SDF-1/CXCR4 axis plays a major role in skeletal metastasis.
Apart from solid tumors the SDF-1/CXCR4 pathway has been shown to be crucial for chemotaxis in leukemic cells.
In B-cell acute lymphoblastic leukemia (ALL), B-cell precursor cells line NALM-6 and REH and even primary ALL cells have been shown to express CXCR4 and VLA-4 integrin and respond to the SDF-1 gradient while migrating towards bone marrow fibroblasts [77] . The migratory response of ALL cells to SDF-1 is dependent on p38 mitogen activated protein signaling [78] . Using NOD/SCID mice it was shown that CXCR4 participates in the homing of leukemic cells to the marrow [79] . Acute myeloid leukemia (AML) cells express CXCR4 which induces chemotaxis and invasion to the bone marrow stromal cells [80] [81] [82] . CXCR4 may also play a role in homing in AML [83] however, this study in particular is contradicted by other reports [84] . In chronic lymphoblastic leukemia, coculture with SDF-1 induces chemotaxis to stromal cells in vitro [85] . Small peptide CXCR4 antagonists effectively blocks SDF-1 induced migration [86] .
CXCL16, yet another chemokine and its receptor CXCR6 also may play a role in metastasis of prostate cancer cells. Highly metastatic cancer cell lines PC3 and C4-2B express more CXCR6 and CXCL16 mRNA than less aggressive prostate cancer LNCaP cells, nonneoplastic PrEC and RWPE-1 cells, and benign prostate tissues. Immunohistochemical examination of CXCR6 expression shows strong epithelial staining that correlates with Gleason score. Interleukin-1β and tumor necrosis factor α (TNF-α) significantly induces CXCL16 production by prostate epithelial cells, thereby indicating that inflammatory cytokines may play a role in the CXCL16 induction. CXCL16 was found to promote prostate cancer cell migration and invasion in vitro. [87] .
Several cell to cell adhesion molecules also play a key role in chemotaxis of cancer cells to the bone. One such molecule is annexin2 (Anxa2). Anxa2 is a 36 kd peripheral membrane protein expressed by endothelial cells, early myeloid cells and osteoblasts [88] . Anxa2 expressed by osteoblasts and marrow endothelial cells, facilitate adhesion and homing of HSCs to the bone marrow niche and also regulates engraftment of HSCs following transplantation. Fewer HSCs are found in the marrow of Anxa2 deficient mice thus indicating that Anxa2 acts as an adhesion ligand for HSC homing [89] . Anxa2 is also associated with proliferative and invasive cancers including lung, pancreatic, brain, colon and gastric carcinomas, and is associated with poor prognosis [90] [91] [92] [93] . It was shown that Anxa2 expressed by the osteoblasts serves as an adhesion molecule for prostate cancer cells. Prostate cancer cells express Anxa2 receptor (Anxa2-R) and blocking Anxa2 or Anxa2-R limits prostate cancer metastasis to the bone in animal models. Anxa2 also regulates prostate cancer proliferation and survival via the mitogen-activated protein kinase (MAPK) signaling pathway. [94] .
Osteoblasts in the bone marrow secrete a ligand called growth arrest-specific 6 (GAS-6). An E2A/PBX1-positive ALL cell line RCH-ACV over expresses its tyrosine kinase receptor Mer. RCV-ACH cells stimulates GAS-6 production by osteoblasts and the GAS-6/Mer axis is important for the homing and survival of ALL cells [95] . Interestingly, gene expression analysis in prostate cancer cells treated with Anxa2 shows increase in expression of Axl which is also a tyrosine kinase receptor for GAS-6. Axl expression is correlated with metastasis and poor prognosis in a wide range of cancers such as breast cancer, prostate cancer, pancreatic cancer, ovarian cancer, renal cell carcinoma and esophageal adenocarcinoma [96] [97] [98] [99] [100] . Signaling through GAS-6 and its receptor Axl promotes invasion of prostate cancer cells towards the bone and regulates prostate cancer proliferation and survival [101] .
CD44 and its ligand hyaluron may also play key role in metastasis of hematological malignancies and solid tumors to the bone marrow [102] and in homing and engraftment in CD34+ stem and progenitor cells [103] . Osteopontin (OPN) is produced mainly by the osteoblasts is a multi-domain phosphorylated glycoprotein responsible for cell to extracelluar matrix adhesion. OPN is highly expressed in trabecular bone along the endosteum [104] . Elevated OPN levels are observed in cancer of the breast, colon prostate and lung [105] . High OPN levels are associated with poorer outcomes in patients with breast cancer metastasis [106] and have been shown to promote metastasis in prostate [107] and mammary carcinoma [108, 109] . OPN regulates homing and invasion of tumor cells by binding with integrin and CD44 receptors [110] . Interestingly OPN has been implicated as an important regulator of migration of HSCs through the marrow and functionality of the HSC niche. In OPN knockout mice, HSCs are unable to engraft in the endosteal region, revealing that OPN is critical for HSC homing and retention [104] .
Integrins are cell-surface proteins that faciliate cellular adhesion, and are comprised of non-covalently associated with alpha and beta subunits. Integrins bind to cell and mediate signals that regulate the activities of cytoplasmic kinases, growth factor receptors, and ion channels and control the organization of the intracellular actin cytoskeleton. [111] . Expression of alpha-v-beta-3(α5β3) integrins correlates with highly aggressive and metastatic breast and prostate cancer [112, 113] . VLA-4 integrin deregulation is consistently found in solid tumors and in AML and has shown to be responsible for tumor drug resistance [114] [115] [116] [117]. VLA-4 and its ligand fibronectin are also important for HSC localization and retention to osteoblasts and the endosteal niche [118, 119] .
In addition to integrins, cadherins are calcium-dependent binding proteins that facilitate cell-cell adhesion, and exhibit hemophilic binding (i.e. they serve as both a ligand and receptor). Knockdown of cadherin-11(also known as osteoblast cadherin) in bone greatly reduces metastasis of PC3 cells. On comparing human prostate cancer specimens it is observed that cadherin-11 is not expressed by normal prostate epithelial cells but is detected in prostate cancer [120] . Cadherin-11 expression increases from primary to metastatic prostate lesion found in bone and the lymph nodes. Exogenous expression of cadherin-11 in cadherin-11-negative C4-2B4 prostate cancer cells increases their spreading and intercalation into an osteoblast layer and also stimulates migration and invasiveness [120, 121] . In breast cancer cells cadherin-11 promotes homing and ostepclastogenesis. Cadherin-11 over expression in MDA-MB-231 breast cancer cells increases bone metastases and promoted bone resorption. Co-culture of MDA-MB-231 cells with MC3T3-E1 osteoblastic cells that constitutively express cadherin-11 results in an up-regulation of PTH-rP production in MDA-MB-231 cells. Co-culture also promotes osteoclastogeneis which is blocked by a PTHrP neutralizing peptide [122] . HSCs have been shown to express N-cadherin and cadherin-11 and therefore may maintain interactions with the mesenchymal stromal cells [123] . However their role in HSC homing remains controversial [124] .
Cross Talk between the Cancer Cell and the Bone Microenvironment
Cancer has an inherent ability to metastasize to different organs of the body, yet certain cancer preferentially metastasizes to distant sites such as the bone. This phenomenon was first observed by Steven Paget who studied autopsy samples from 735 women who had died of breast cancer and found that a high percentage of them had skeletal metastasis. This led him to develop a "seed and soil hypothesis" which basically meant that tumor cells are seeds which will grow in favorable micro-environment provided by the bone which serves as the soil [reviewed in 125] .
Bone is a highly enriched organ comprising of osteoblasts, osteoclasts, stromal cells, stems cells and mineralized bone matrix all surrounding a rich vascular bed. This makes bone marrow an ideal home for tumor cells. Crosstalk between the tumor cells and the bone microenvironment promotes several signaling pathways which trigger tumor growth and bone destruction. While, factors secreted by the tumor can stimulate osteoblasts or osteotoclasts in the bone, the bone in response secretes growth factors which drive tumor proliferation. This autocrine loop can overtime create a very aggressive form of tumor. Several growth factors and molecules may play a role in this cross-talk (e.g. TGF-β, insulin-such as growth factors 1 and 2 (IGF-1,2), fibroblast growth factors (FGF), PDGF, bone morphogenetic proteins (BMP), RUNX2, RANKL/Osteoprotegerin (RANKL/ OPG),VEGF, IL-6, endothelins (ET) and WNT signaling [126] ). A few of the critical players are reviewed as follows.
RANKL is a transmembrane signaling receptor of the TNF receptor superfamily that is expressed on the surface of osteoclast precursors [127] . RANKL binds with RANK and mediates osteoclast induced bone resorption which is important for bone remodeling [128] . Osteoprotogerin or OPG is a soluble member of the TNF receptor superfamily that is secreted by the osteoblasts. OPG acts as a decoy receptor for RANKL, preventing its interaction with RANK and thus inhibiting osteoclastogenesis. The ratio of RANKL to OPG determines the degree of osteoclastogenesis [129] . RANKL has been identified as a potential mediator of cancer-induced bone destruction in humans [130] . RANKL and OPG are increased in prostate cancer bone metastases versus those in primary tumors and soft-tissue metastases [131] . Soluble RANKL released from prostate cancer cells by MMP-7 is also thought to have a role in establishment of prostate cancer bone metastases and osteolysis associated with prostate cancer bone lesions [132] . In a SCID mouse model of multiple myeloma tumor RANKL inhibition with recombinant RANK-Fc protein not only reduces multiple myeloma induced osteolysis, but also causes a marked decline in tumor burden, as measured by serum protein levels and histology [133] . RANKL triggers migration of human epithelial cancer cells and melanoma cells that express the receptor RANK. Neutralization of RANKL by OPG in a mouse model of melanoma resulted in a marked reduction of tumor burden in bones but not in other organs. This further supports the role if RANKL in bone specific metastasis [134] .
RUNX2 is a transcription factor that belongs to the runt domain gene family and functions by binding to the DNA as a heterodimer with Cbfb (core binding factor). RUNX2 is an essential factor for osteoblast differentiation [135, 136] . Metastatic breast cancer cells express bone sialoprotein, an important regulator of osteoblast differentiation under the control of RUNX2 and msh homeobox-2 (Msx2) transcription factors [137] . In normal bone marrow cells RUNX2 has been shown to promote osteoclast differentiation by inducing RANKL expression and suppressing OPG expression [138] . In MCF-7 and MDA-MB-231 breast cancer cell lines and prostate cancer cell lines RUNX2 transactivates expression of MMP-9, MMP-13 and VEGF indicating that RUNX2 contributes to the metastatic property of cancer cells [139] . RUNX2 mediates the responses of cells to signaling pathways hyperactive in tumors, including BMP/TGF-β and other growth factor signals. Inhibition of RUNX2 in MDA-MB-231 cells transplanted to bone decreases tumorigenesis and prevents osteolysis [140] . In the intra-tibial metastasis model, high RUNX2 levels is associated with development of large tumors and with increased expression of metastasis-related genes (MMP9, MMP13, VEGF, OPN) and secreted bone-resorbing factors (PTHrP, IL-8) [141] .
RUNX2 siRNA treatment of PC3 cells decreases cell migration and invasion through matrigel in vitro. In vivo RUNX2 knockdown in PC3 cells blocks their ability to survive in the bone microenvironment. In co-cultures RUNX2 promotes osteoclastogenesis in PC3 cells and inhibits osteoblast activity. [141] . Induction of RUNX2 in C4-2B cells enhances their invasiveness and promotes cellular quiescence by blocking the G1/S phase transition during cell cycle progression [142] . All these results indicate that RUNX2 promotes new bone formation, invasion and homing of cancer cells to the bone.
Transforming growth factor-beta or TGF-β is known to promote several pathways which drives tumor genesis including EMT, bone remodeling, angiogenesis and suppression of the immune surveillance [143, 144] . There are 3 isoforms of TGF-β in humans, TGF-β1, TGF-β2 and TGF-β3. Active TGF-β isoforms bind to their transmembrane serine/threonine kinase receptor, namely type I and type II TGF-β receptors (TβRI and TβRII), that phosphorylates and activates the TGF-β-specific intracellular signaling mediators Smad2 and Smad3. Phosphorylated Smad2/3 then interacts with the Smad4, translocates to the nucleus, binds to specific DNA sequences and recruits co-activators or co-repressors to regulate the transcription of TGF-β target genes [145, 146] .TGF-β is released by the bone during osteoclastic bone resorption [147] . Some of the known regulatory networks include TGF-β which increases PTHrP secretion from MDA-MB-231 breast cancer cells and thus promotes osteolytic metastasis in these cells [148] . PTHrP is known to induce osteoclastic bone resorption through the trans-activation of the RANKL gene [149, 150] . Neutralizing antibodies against PTHrP or inhibitors of its gene transcription decreases osteolytic metastases and tumor burden in cancer models [151] . TGF-β promotes osteolytic bone metastasis in 1205lu melanoma cells and inhibition of TGF-β signaling in these cells prevents osteolytic bone metastases and reduces expression of osteolytic factors, PTHrP and IL-11, chemotactic receptor CXCR4, and OPN [152] . Recently, glioblastoma associated oncogene family zinc finger 2 (Gli2) a mediator of the sonic hedgehog pathway was identified as a transcriptional target for TGF-β in melanoma. Gli2 expression in melanoma cell lines associates with loss of E-cadherin expression, increased matrigel invasion and higher bone metastases [153] . BMPs are a family of growth factors that belong to the TGF-β superfamily. They promote the differentiation of mesenchymal stem cells towards an osteoblastic lineage and are required for skeletal development and maintenance of adult bone homeostasis. BMPs signal through the Smad and MAPK pathways [154] . Mouse xenograft models of MDA-231-D, a highly metastatic human breast cancer cell shows higher phosphoSmad2 and phospho-Smad1/5/8 staining in the nuclei of primary tumor and in bone metastatic lesions indicative of both BMP and TGF-β signaling [155] . Functional in vivo bioluminescence imaging system shows that TGF-β and BMP-induced transcriptional pathways are active in these bone metastatic lesions. Furthermore, expression of dominant-negative receptors for TGF-β and BMPs in the MDA-231-D cells inhibits invasiveness in vitro and bone metastasis in vivo [155] . Prostate cancer cells co-cultured with osteoblast conditioned media has increased migration, higher cell surface expression of β1 or β3 integrin and increased MAPK and nuclear factor kappa-B (NF-κB) activation. However this is not observed when conditioned media from osteoblasts treated with BMP-2 siRNA are used [156] . Use of the BMP antagonist noggin and a RANKL antagonist effectively delays the development of osteolytic lesions, reducing bone loss and tumor burden in a mouse model of metastatic prostate cancer [157] .
IGF-1 and IGF-2 are among the most abundant nonstructural proteins present in the bone matrix [158] . KM1468, a novel antibody directed against human IGF-1 and IGF-2 given intraperitoneally to mice after inoculation of MDA PCa 2b prostate cancer markedly and dose-dependently suppresses the development of new bone tumors and the progression of established tumor foci and it also decreases serum PSA levels, compared with the control [159] . In neuroblastoma cells high IGF-I receptor expression resulted in increase in migration towards bone, adhesion with the bone marrow stromal cells and formation of osteolytic lesions [160] .
Apart from the above mentioned growth factors physical factors of the bone such as hypoxia, acidic pH and calcium can also affect homing of the cancer cells to the bone. Bone is a hypoxic environment. Hypoxia in the bone normally functions in promoting hematopoiesis, maintaining stem cells in a pluripotent stage and also chondrocyte differentiation. Hypoxia is also known to promote tumorigenesis. At the primary tumor stage hypoxia induces EMT while in the bone hypoxia could increase transcription of factors which can further the vicious cycle of skeletal metastasis [161] . For example HIF1-α over expression was detected in lymph node and bone metastases examined in about 69% of prostate metastases and 29% of breast metastases [162] . HIF1-α also regulates the expression of other metastasis promoter factors such as adrenomedullin, CXCR4, and connective tissue growth factor (CTGF). [163, 164] . TGF-β potentiates HIF1-α signaling within the hypoxic bone microenvironment [165] . Hypoxia and HIF-1-α expression promotes the progression of bone metastases in breast cancer and leads to the development of osteolytic bone metastases by suppressing osteoblast differentiation and promoting osteoclastogenesis [166] .
The acidic microenvironment of the bone also promotes bone metastases. Low pH results in increase in osteoclast mediated bone resorption and decrease in osteoblast mediated bone mineralization [167] . Acidosis alters cellular dynamics at the interface between the tumor and normal tissue, promoting apoptosis in adjacent normal cells and facilitating extracellular matrix degradation through the release of proteolytic enzymes [168] . Unlike normal cells, cancer cells have compensatory mechanisms to facilitate proliferation and metastasis even at low extracellular pH and thus are not susceptible to acid-induced apoptosis. Hypoxia further promotes acidosis within tumor cells through HIF-1-α mediated over expression of glycolytic enzymes and increased lactic acid production [169] . Together, hypoxia and pH regulatory mechanisms control survival and proliferation of tumor cell within the bone microenvironment.
Calcium is the primary inorganic component of the bone microenvironment. Active osteoclastic resorption can increase calcium levels from 1.1 to 1.3 mmol/L to rise up to 8 to 40 mmol/L [170] . Extracellular calcium-sensing receptor (CaSR), a G protein-coupled receptor, mediates the effect of calcium [171] . The CaSR is expressed in normal tissues and is over expressed in several types of cancer, including breast and prostate cancer where CaSR regulates the secretion of PTHrP a mechanism by which CaSR might promote skeletal metastasis [172, 173] . Knockdown of the CaSR by shRNA decreases PC3 cell proliferation in vitro and inhibited the formation of bone metastases in mice in vivo [174] . CaSR levels in breast cancer tumor samples positively correlates with the bone metastases. Thus CaSR may be a good potential marker for predicting bone metastases [175] .
Cancer Cell and the HSC Niche
As discussed earlier in this review several molecules which play a role in homing of HSCs to the bone marrow are also used by tumor cells to metastasize and establish footholds in the marrow. Few of the common molecules which we discussed in this review are MMPs, CD26/DPPIV, CXCR4 or CXCR7/SDF-1 axis, integrins, Annexin2, CD44 and OPN (Table 1) . HSC homing, quiescence and self-renewal in the bone marrow are now known to depend on a region termed the HSC niche [176, 177] . Recent study from our lab indicates that tumor cells specifically target the HSC niche during dissemination [178] . HSCs co-localize with prostate cancer cells to the endosteal bone surfaces both in vitro and in vivo suggesting a direct competition between prostate cancer cells and HSCs for niche occupancy. When the HSC niche is ablated, fewer prostate cancer cells go to the bone marrow. Conversely, increasing the number of HSC niches with PTH treatment, promotes tumor metastasis to the bone. Metastatic tumor cells just such as HSCs can be mobilized from the niche to the peripheral blood by using mobilizing agents such as G-CSF and AMD3100. Finally, disseminated prostate cancer cells reduce the number of HSCs in the bone marrow by driving HSCs into the progenitor pools and peripheral blood. All these observations strongly suggest that the HSC endosteal niche plays a significant role in establishing tumor metastasis in the bone marrow.
Studies also demonstrate that bone marrow-derived hematopoietic progenitor cells (HPCs) express VEGF receptor 1 (VEGFR1) and home to tumor-specific pre-metastatic sites and form cellular clusters before the arrival of tumor cells [179] . Removal of these clusters prevents bone metastasis of B16 melanoma cells. These VEGFR1 positive HPCs express VLA-4 and tumor-specific growth factors upregulate expression of VLA-4 ligand fibronectin on resident fibroblasts, thus providing a permissive niche for incoming tumor cells.
Therapeutics
At present there are only a few drugs which are being used clinically to prevent bone metastasis. The good news however, is that several drugs which targets different aspects of bone metastasis are currently being evaluated in preclinical models and in clinical trials. This brightens the future for patients with skeletal metastasis and provides hope for the development of therapeutics for skeletal metastasis. Following is a summary of many of those agents which are currently employed to treat skeletal related events or appear to hold great promise in ongoing trials.
Bisphosphonates are now routinely used in clinical practice to reduce complications related to bone metastasis. Bisphosphonates are stable synthetic analogues of pyrophosphate with a P-C-P backbone which can reduce osteolytic bone resorption. Bisphosphonates such as zoledronic acid and ibandronate have been shown to significantly reduce skeletal related events (SREs) across a number of tumor sites including breast prostate, lung and kidney cancers, as well as multiple myeloma and they can even significantly ameliorate bone pain [180] . Denosumab a fully humanised monoclonal antibody (IgG2) that binds with high affinity and high specificity to RANKL inhibits osteoclast formation and bone resorption. Phase II clinical trials with Denosumab proved very promising for inhibiting bone resorption in patients with prostate cancer, breast cancer and other neoplasms [181] . Interestingly in a recent phase III clinical trial Denosumab proved better that zoledronic acid in preventing SREs in breast cancer patients.
TGF-β has been proved to be a valuable target for reducing cancer homing. A small molecule inhibitor of TGF-β receptor TβRI, SD-208 significantly inhibits osteolytic bone metastatis in nude mice inoculated with melanoma cell line [182] . In mice with established bone metastases, the size of osteolytic lesions was significantly reduced after 4 weeks treatment with SD-208 compared with vehicle-treated mice. BMP-7 an antagonist of TGF-β was used to treat nude mice inoculated with prostate cancer. BMP-7 treatment decreased growth of prostate cancer cells in the bone and also inhibited EMT progression in these tumor cells [183] .
Bone-derived placental growth factor (PlGF), a homologue of VEGF-A has been shown to play a role in driving osteolytic bone metastasis. A neutralizing antibody against PIGF prevents skeletal metastasis of breast cancer in a nude mice model and also prevents engraftment of tumor cells in the bone [184] . Endothelins (ETs) and their receptors have emerged as a potential target in prostate cancer bone metastasis. ET-1 antagonists such as atrasentan (ABT-627) and ZD4054 are currently being clinically evaluated as a biological therapy for prostate cancer bone metastasis [185] . PSK1404, an antagonist of α5β3 integrin significantly inhibits bone metastasis in animal models of metastatic breast and ovarian cancer [186] . In myeloma administration of anti-VLA-4 antibodies reduces bone destruction and the number of osteoclasts in a nude mice model [187] .
G-CSF and AMD3100, a small molecule inhibitor of CXCR4, both inhibit the SDF-1/CXCR4 axis and lead to mobilization of HSCs [188] [189] [190] . In animal models, AMD1300 treatment increases mobilization of myeloma cells into the circulation and increases their sensitivity to bortezomib [191] . Similarly in a mouse model of acute promyelocytic leukemia (APL), AMD3100 increases the number of APL cells in the blood and decreases tumor burden after treatment with chemotherapeutic drugs [192] . AMD3100 disrupts binding of small cell lung cancer cells (SCLC) to stromal cells and also increases sensitivity to the cytotoxic drug etopside [193] . Additionally, interferon gamma has been shown to reduce Annexin 2 expression in cells and thus limit the invasive capacity of prostate cancer cells [194] .
Summary
The process of homing is complex and involves interplay of various factors. Specific features in the cancer cell and the bone microenvironment contribute to bone metastasis. Significant progress has been made in deciphering the mechanisms involved in homing of cancer cells to the bone. Yet much needs to be unveiled in this field particularly from the point of view of therapeutics. Apart from drug targets which target specific pathways, diagnosis and early detection of tumor metastasis may also reduce the rate of tumor metastasis. As discussed earlier in this review tumor cells share many common pathways with HSCs during homing and recent work in our lab indicates that prostate cancer cells and HSCs share the same niche in the bone marrow. This revelation will facilitate better understanding of the molecular events which leads to bone metastasis and thus lead to novel therapeutic opportunities for this fatal disease.
